Introduction
============

Cyclosporins are a group of closely related cyclic undercapeptides produced as secondary metabolites in strains of fungi including *Cylindrocarpon lucidum* and *Trichoderma polysporum* isolated from soil samples \[[@B1]\]. Among various cyclosporins, cyclosporin A (CsA) is one of the most commonly used immunosuppressive drugs in the treatment of patients with organ transplantation and autoimmune diseases including acquired immune deficiency syndrome owing to its superior T-cell specificity and low myelotoxicity \[[@B2]\]. After entering into recipient cells, CsA can bind to cyclophilins known to peptidylpropyl isomerase activity through catalyzing isomerization of peptide bonds from *trans* form to *cis* form at proline residues in protein folding pathway \[[@B3]\]. Such binding of CsA to cyclophilins can block their peptidylpropyl isomerase activity. Thus, CsA has shown immunosuppressive effects in adipocytes \[[@B4]\], myocytes \[[@B5]\], and lymphocytes \[[@B6]\]. Although CsA is an extremely valuable immunosuppressive agent for organ transplant recipients, unfortunately CsA has a number of serious side effects in various tissues, including kidney damage which is the most frequent and severe side effect of CsA \[[@B7]\]. Moderate to severe kidney dysfunction occurs in approximately 30% of patients treated with CsA, significantly limiting its clinical application \[[@B7]\]. Nephrotoxicity induced by CsA is characterized by reduced glomerular filtration rates and pathological changes including kidney proximal tubular damage, macrophage infiltration, and interstitial fibrosis \[[@B8][@B9]\]. On the other hand, cyclophilin D located within the mitochondrial matrix can bind to the complex between adenine nucleotide translocator and voltage-dependent anion channel in the outer membrane of mitochondria, and form a mitochondrial permeability transition pore \[[@B10]\]. Mitochondrial permeability transition can induce mitochondrial swelling, rupture of mitochondrial outer membrane, and release of apoptotic stimulators, leading to apoptotic and necrotic cell death \[[@B10]\]. Because CsA can bind to cyclophilin D and subsequently blocks the mitochondrial permeability transition pore formation, it can inhibit mitochondria-mediated cell death \[[@B10]\]. These findings indicate that CsA has opposite functions as a double-edged sword. However, intracellular actions of CsA in kidneys, especially kidney parenchymal cells *in vitro*, remain still unclear.

Incomplete reduction of oxygen during various biological processes can generate reactive oxygen species (ROS) \[[@B11]\]. ROS are produced rapidly in response to extracellular stimuli followed by subsequent degradation. They mediate diverse cellular functions in the early phase of injury \[[@B11]\]. Compared with other members of ROS, hydrogen peroxide (H~2~O~2~) formed by either enzyme-catalyzed or spontaneous dismutation of superoxide anion is more stable and membrane-permeable. Thus, H~2~O~2~ has been used to understand the pathogenesis of various tissue damages and the induction of cell death \[[@B12]\]. Furthermore, exogenous and endogenous H~2~O~2~ is considered to be an important mediator of kidney tubular injury in a variety of situations including kidney ischemia reperfusion injury \[[@B13][@B14][@B15]\], cisplatin nephrotoxicity \[[@B16][@B17][@B18]\], glomerulonephritis \[[@B19]\], and ureteral obstruction \[[@B20][@B21][@B22]\]. Among kidney tubular segments, kidney proximal tubules are more susceptible to cell injury and death than kidney distal tubules during these situations \[[@B23]\]. Based on these findings, exogenous H~2~O~2~ has been used to induce ROS-mediated oxidant injury in kidney proximal tubule epithelial cells. However, little is known about the mechanism of actions of CsA in kidney proximal tubule epithelial cells during H~2~O~2~ injury. Therefore, the objective of this study was to determine whether exogenous CsA could affect H~2~O~2~-induced cell death in kidney proximal tubule epithelial cells and identify proteins implicated in alteration of cell death following treatment with CsA.

Materials and Methods
=====================

Cell culture and treatment
--------------------------

HK-2 human kidney proximal tubule epithelial cell line as purchased from the American Type Culture Collection (Rockville, MD, USA) was cultured in RPMI 1640 medium (Welgene, Daegu, Korea), supplemented with 10% fetal bovine serum (Welgene) at 37℃ with 5% CO~2~, as described previously \[[@B24][@B25][@B26]\]. After reaching 80% confluence on culture dishes, the culture medium was changed to a serum-free medium. After that, cells were treated with either CsA (1, 10, or 100 nM; Sigma, St. Louis, MO, USA) or vehicle (1% dimethyl sulfoxide \[DMSO\], Sigma) for 60 minutes and subsequently exposed to 1 mM H~2~O~2~ (Sigma) or distilled water (control) for 0, 30, 60, or 120 minutes. To obtain intracellular proteins, cultured cells were washed with phosphate buffered saline (PBS) and harvested in M-PER mammalian protein extraction reagent (Thermo Fisher Scientific, Waltham, MA, USA) in the presence of 1% protease inhibitor cocktail set III (Merck Millipore, Billerica, MA, USA), 0.5% phosphatase inhibitor cocktail 2 (Sigma), and 0.5% phosphatase inhibitor cocktail 3 (Sigma). Apoptotic and necrotic cells were analyzed by CytoFLEX flow cytometer (Beckman Coulter, Brea, CA, USA) with an EzWay annexin V-FITC apoptosis detection kit (Komabiotech, Seoul, Korea) \[[@B14]\].

Cell viability
--------------

A yellow water soluble tetrazolium dye thiazolyl blue tetrazolium bromide (MTT; Biosesang, Seongnam, Korea) was used to measure cell viability as described previously \[[@B27][@B28]\]. After removing the culture medium, cells were incubated at 37℃ with 5 mg/ml MTT in PBS for 30 minutes. After removing the MTT solution, 300 µl of DMSO was added to each well and incubated for 5 minutes. To quantifying the purplecolored formazan product, absorbance of 100 µl solution from wells incubated with DMSO was measured on a 96-well plate (SPL, Pocheon, Korea) at wavelength of 595 nm and reference wavelength of 620 nm using a VERSA max plate leader (Molecular Devices, Sunnyvale, CA, USA).

Western blot
------------

Electrophoresis of 20 µg protein in cell lysate was performed using Any kD or 7.5% Mini-PROTEAN TGX precast gels (Bio-Rad, Hercules, CA, USA) and tris-glycine buffer systems. These proteins on gels were then blotted onto polyvinylidene fluoride membranes as described previously \[[@B29][@B30][@B31][@B32]\]. These membranes were incubated with antibodies against phosphorylated p53 (p-p53; 1:2,500 dilution, catalog No. GTX70218, GeneTex, Irvine, TX, USA), total p53 (t-p53; 1:2,500 dilution, catalog No. sc-135630, Santa Cruz Biotechnology, Santa Cruz, CA, USA), BH3 interacting-domain death agonist (BID; 1:2,500 dilution, catalog No. sc-11423, Santa Cruz Biotechnology), phosphorylated-p38 (p-p38; 1:2,500 dilution, catalog No. 9211, Cell Signaling Technology, Beverly, MA, USA), total p38 (t-p38; 1:2,500 dilution, catalog No. 9212, Cell Signaling Technology), phosphorylated c-Jun N-terminal kinase (p-JNK; 1:2,500 dilution, catalog No. 9251, Cell Signaling Technology), total JNK (t-JNK; 1:5,000 dilution, catalog No. 9252, Cell Signaling Technology), phosphorylated extracellular signal-regulated kinase (p-ERK; 1:5,000 dilution, catalog No. 4370, Cell Signaling Technology), total ERK (t-ERK; 1:5,000 dilution, catalog No. sc-93, Santa Cruz Biotechnology), phosphorylated protein kinase B (p-AKT; 1:2,500 dilution, catalog No. 3787, Cell Signaling Technology), total AKT (t-AKT; 1:2,500 dilution, catalog No. sc-8312, Santa Cruz Biotechnology), manganese superoxide dismutase (MnSOD; 1:10,000 dilution, catalog No. sc-30080, Santa Cruz Biotechnology), copper/zinc superoxide dismutase (CuZnSOD; 1:10,000 dilution, catalog No. sc-11407, Santa Cruz Biotechnology), catalase (1:5,000 dilution, catalog No. sc-271803, Santa Cruz Biotechnology), 94 kDa glucoseregulated protein (GRP94; 1:5,000 dilution, catalog No. CSBPA00109A0Rb, CUSABIO, Wuhan, China), 78 kDa glucoseregulated protein (GRP78; 1:10,000 dilution, catalog No. CSB-PA010827YA01MO, CUSABIO), and β-actin (1:5,000 dilution, catalog No. sc-47778, Santa Cruz Biotechnology) overnight at 4℃, respectively. After washing, membranes were incubated with peroxidase anti-rabbit IgG antibodies (1:5,000 dilution, catalog No. WB-1000, Vector Laboratories, Burlingame, CA, USA) against p-p53, p-p38, t-p38, p-JNK, t-JNK, p-ERK, t-ERK, p-AKT, t-AKT, MnSOD, CuZnSOD, GRP94, and GRP78 antibodies or peroxidase anti-mouse IgG antibodies (1:5,000 dilution, catalog no. WB-2000, Vector Laboratories) against t-p53, catalase, and β-actin antibodies at room temperature for 60 minutes. After that, Western Lighting chemiluminescence reagent (NEL101, PerkinElmer, Boston, MA, USA) was used to detect proteins with an Azure c300 imaging system (Azure Biosystems, Dublin, CA, USA). Anti-β-actin antibody was used as a loading control for stripped membranes. Intensities of bands were quantified using AzureSpot analysis software (Azure Biosystems).

ROS production
--------------

An oxidative sensitive dye 2′,7′-dichlorodihydrofluorescein diacetate (DCFDA) was used to measure ROS production as described previously \[[@B33]\]. Briefly, HK-2 cells were seeded onto a 24-well plate at a density of 10^5^ cells/well and treated with or without H~2~O~2~ plus/minus CsA as indicated. After that, they were incubated with 20 µM DCFDA for 45 minutes at 37℃. After washing twice with PBS, 1% Triton X-100 was added to each well. Then 2′,7′-dichlorofluorescein intensity of 200 µl of cell lysate on a Nunc 96-well black plate (Thermo Fisher Scientific) was quantified with a SpectraMax i3 plate reader (Molecular Devices) using 485 nm for excitation and 535 nm for emission.

Mitochondrial membrane potential
--------------------------------

After cells were seeds onto a 24-well plate at a density of 10^5^ cells/well, mitochondrial membrane potential was measured as described previously \[[@B34][@B35]\]. Briefly, at the indicated time points, cells were incubated with 200 nM tetramethylrhodamine ethyl ester perchlorate (TMRE) in 0.1% DMSO for 20 minutes at 37℃. After washing six times with PBS, 1% Triton X-100 was added to each well. TMRE intensity for 200 µl cell lysate on a Nunc 96-well black plate (Thermo Fisher Scientific) was then quantified with the SpectraMax i3 plate reader (Molecular Devices) using 549 nm for excitation and 575 nm for emission.

Statistical analysis
--------------------

Results are expressed as mean±standard deviation. Analysis of variance was used to compare data among groups using Systat SigmaPlot (Systat Software Inc., San Jose, CA, USA). Differences between two groups were assessed by two-tailed unpaired Student\'s *t* tests. *P*-values \<0.05 were considered statistically significant.

Results
=======

CsA enhances cell death induced by H~2~O~2~ injury in kidney proximal tubule epithelial cells
---------------------------------------------------------------------------------------------

To determine whether CsA affects H~2~O~2~-induced cell death in kidney proximal tubule epithelial cells, viabilities of HK-2 cells undergoing pretreatment with CsA and subsequent exposure to H~2~O~2~ were determined. Consistent with previous results \[[@B36]\], 60-minute exposure to 1 mM H~2~O~2~ markedly decreased cell viability based on MTT assay results ([Fig. 1A](#F1){ref-type="fig"}). Treatment with CsA at final concentrations of 1 nM to 100 nM did not significantly alter viabilities of control cells, but exogenous CsA further decreased viabilities of H~2~O~2~-exposed cells ([Fig. 1A](#F1){ref-type="fig"}). The decline in viability after 30-minute exposure to H~2~O~2~ in CsA-treated cell was more severe than that in control cells ([Fig. 1B](#F1){ref-type="fig"}). However, there was no significant difference in cell viability between CsA- and vehicle-treated groups after 120-minute exposure to H~2~O~2~ ([Fig. 1B](#F1){ref-type="fig"}). To distinguish between apoptosis and necrosis in dead cells, flow cytometry was performed on HK-2 cells stained with FITC-conjugated annexin V and propidium iodide. Exposure to 1 mM H~2~O~2~ significantly induced apoptosis and necrosis ([Fig. 1C, D](#F1){ref-type="fig"}). Upon H~2~O~2~ injury, treatment with 10 nM CsA further increased apoptosis and necrosis rather than vehicle-treated cells ([Fig. 1C, D](#F1){ref-type="fig"}). However, exogenous CsA did not induce apoptosis and necrosis in control cells ([Fig. 1C, D](#F1){ref-type="fig"}). These data suggest that CsA enhances apoptotic and necrotic cell deaths during early phase of H~2~O~2~ injury in kidney proximal tubule epithelial cells.

CsA increases p53 activation and BID expression after H~2~O~2~ injury in kidney proximal tubule epithelial cells
----------------------------------------------------------------------------------------------------------------

Tumor suppressor p53 is known to be upregulated and activated by phosphorylation in response to a number of cellular stresses including H~2~O~2~ injury \[[@B37]\]. The upregulation and activation of p53 subsequently induce cell death through apoptosis or necrosis \[[@B37]\]. It has been reported that treatment with CsA upregulates and activates p53 in rat C6 glioma cells and mouse embryo fibroblasts \[[@B38]\], while it conversely decreases the number of p53-positive cells induced by ultraviolet-B irradiation in mouse dermis \[[@B39]\]. To examine whether treatment with CsA might alter the activation and expression of p53 in kidney proximal tubule epithelial cells, we measured phosphorylated and total forms of p53 protein in CsA-treated HK-2 cells. Phosphorylation level of p53 was significantly increased in control cells at 60 minutes after treatment with CsA compared to that in vehicle-treated control cells ([Fig. 2A, B](#F2){ref-type="fig"}). In contrast, total expression level of p53 was significantly decreased by CsA under the same condition ([Fig. 2A, C](#F2){ref-type="fig"}). Although CsA decreased p53 expression in control cells, the ratio of p53 phosphorylation to its total expression was increased by treatment with CsA in control cells, indicating CsA-induced p53 activation ([Fig. 2A, D](#F2){ref-type="fig"}). Next, we assessed CsA-induced p53 activation upon H~2~O~2~ injury. Consistent with previous data in mouse kidney mesangial cells \[[@B40]\], our results revealed that H~2~O~2~ significantly induced p53 phosphorylation, but not its total expression, in vehicle-treated cells ([Fig. 2A--C](#F2){ref-type="fig"}), resulting in an increment of p53 activation based on the ratio of p53 phosphorylation to its total expression ([Fig. 2A, D](#F2){ref-type="fig"}). Upon H~2~O~2~ injury, treatment with CsA markedly augmented the phosphorylation level of p53, but not its total expression ([Fig. 2A--C](#F2){ref-type="fig"}). Because of this, CsA-treated cells showed striking increment in p53 activation after H~2~O~2~ injury ([Fig. 2A, D](#F2){ref-type="fig"}), indicating that CsA increases H~2~O~2~-induced p53 activation in kidney proximal tubule epithelial cells. It is known that p53 activation results in apoptosis and that p53 transcriptionally transactivates a number of proapoptotic proteins \[[@B41]\]. Thus, we tested whether BID of p53 downstream genes was further upregulated by CsA after H~2~O~2~ injury in HK-2 cells. As shown in [Fig. 2E and F](#F2){ref-type="fig"}, CsA caused further increase in BID upregulation induced by H~2~O~2~ in these cells. However, CsA did not alter BID expression in control cells ([Fig. 2E, F](#F2){ref-type="fig"}). Taken together, these data suggest that CsA enhances H~2~O~2~-induced p53 signaling in kidney proximal tubule epithelial cells.

CsA does not alter activation of mitogen-activated protein kinases or AKT in kidney proximal tubule epithelial cells
--------------------------------------------------------------------------------------------------------------------

One well-documented result of H~2~O~2~ injury is mitogen-activated protein kinase (MAPK) activation in various cell types \[[@B42]\]. Our results showed that H~2~O~2~ significantly enhanced phosphorylation levels of p38, JNK and ERK, but did not their expression levels, resulting in significant activations of MAPKs based on the high ratio of phosphorylation level to total expression level in MAPKs ([Fig. 3A--J](#F3){ref-type="fig"}). However, CsA did not alter their phosphorylation, total expression, or consequential activation in H~2~O~2~- or vehicle-treated cells ([Fig. 3A--J](#F3){ref-type="fig"}). On the other hand, CsA can also activate AKT in human keratinocyte cells \[[@B43]\]. Thus, we determined whether CsA induced the activation of AKT in kidney proximal tubule epithelial cells. Although H~2~O~2~-induced AKT phosphorylation, expression, and consequential activation in HK-2 cells were confirmed in a previous report \[[@B44]\], treatment with CsA did not alter its phosphorylation, expression, or consequential activation in kidney proximal tubule epithelial cells with or without H~2~O~2~ injury ([Fig. 3K--N](#F3){ref-type="fig"}). These data indicate that CsA does not affect the activation of MAPKs or AKT in kidney proximal tubule epithelial cells, suggesting that CsA-enhanced cell death in H~2~O~2~-exposed cells is not implicated in their activations.

CsA increases ROS production after H~2~O~2~ injury in kidney proximal tubule epithelial cells
---------------------------------------------------------------------------------------------

It is well-known that exogenous CsA induces oxidative stress in kidneys *in vivo*, leading to rapid loss of kidney function \[[@B45]\]. To examine whether CsA could also induce oxidative stress in kidney proximal tubule epithelial cells *in vitro*, we measured ROS levels in HK-2 cells with or without H~2~O~2~ injury using the oxidative sensitive DCFDA dye. The production of ROS was significantly increased by exposure to H~2~O~2~ in vehicle-treated cells ([Fig. 4A](#F4){ref-type="fig"}). Upon H~2~O~2~ injury, CsA-treated cells had greater ROS production than vehicle-treated cells ([Fig. 4A](#F4){ref-type="fig"}). However, treatment with CsA did not alter the level of ROS in control cells ([Fig. 4A](#F4){ref-type="fig"}). We further determined expression levels of antioxidant enzymes using western blot analysis. Our results showed that expression levels of antioxidant enzymes were not altered by short exposure to H~2~O~2~ and/or treatment with CsA ([Fig. 4B--E](#F4){ref-type="fig"}). Taken together, these data indicate that CsA treatment after H~2~O~2~ injury causes greater ROS production than H~2~O~2~ injury alone.

CsA increases mitochondrial depolarization induced by H~2~O~2~ injury in kidney proximal tubule epithelial cells
----------------------------------------------------------------------------------------------------------------

CsA can induce mitochondrial dysfunction by decreasing mitochondrial respiration in rat skeletal muscle cells \[[@B46]\] while it can conversely improve mitochondrial respiratory function by attenuating mitochondrial permeability transition in cardiomyocyte cells derived from dogs with heart failure \[[@B47]\]. To investigate the impact of CsA on mitochondrial function in kidney proximal tubule epithelial cells with or without H~2~O~2~ injury, we monitored mitochondrial membrane potentials using TMRE dye. It is known that exposure to H~2~O~2~ can increase the membrane potential of mitochondria during early phase in rat pulmonary microvascular endothelial cells, and then rapidly decreases the mitochondrial membrane potential after that \[[@B48]\]. In the present study, 60 minutes of exposure to 1 mM H~2~O~2~ significantly increased the mitochondrial membrane potential in vehicle-treated cells ([Fig. 5A](#F5){ref-type="fig"}). The mitochondrial membrane potential was significantly increased by CsA in H~2~O~2~-exposed cells, compared to that in vehicle-treated H~2~O~2~-exposed cells ([Fig. 5A](#F5){ref-type="fig"}). However, the mitochondrial membrane potential was not significantly different between vehicle-treated and CsA-treated cells in the control group ([Fig. 5A](#F5){ref-type="fig"}). These data indicate that CsA worsen the mitochondrial depolarization induced by H~2~O~2~ injury in kidney proximal tubule epithelial cells. In addition to mitochondrial dysfunction, we assessed whether CsA was implicated in endoplasmic reticulum (ER) stress in kidney proximal tubule epithelial cells after H~2~O~2~ injury, as identified by alterations in GRP94 and GRP78 expressions. Expression levels of GRP94 or GRP78 were not altered by either exposure to H~2~O~2~ or treatment with CsA in HK-2 cells ([Fig. 5B--D](#F5){ref-type="fig"}), suggesting that H~2~O~2~- or CsA-induced cell death did not involve ER stress in kidney proximal tubule epithelial cells.

Discussion
==========

ROS has an important role in a variety of kidney disease models. H~2~O~2~, a diffusible reactive oxygen metabolite formed by either enzyme-catalyzed or spontaneous dismutation of superoxide anion, has been implicated in the pathogenesis of tissue damage in acute kidney injury including ischemia reperfusion injury \[[@B49][@B50][@B51]\] and cisplatin nephrotoxicity \[[@B16][@B17][@B18]\]. H~2~O~2~ inflicts oxidative stress at multiple cellular sites either directly or indirectly through generation of more reactive intermediates \[[@B12]\], acting as an indirect activator of p53, MAPK, and AKT \[[@B52][@B53]\], and modulating mitochondrial function \[[@B54]\]. Thus, H~2~O~2~ is toxic when it is administered to intact kidney or cultured kidney tubular cells \[[@B55]\], leading to cell death. Our present data consistently revealed H~2~O~2~-induced p53 activation, MAPK activation, AKT activation, oxidative stress, mitochondrial dysfunction, and subsequent cell death in kidney proximal tubule epithelial cells.

CsA can inhibit mitochondria-mediated cell death, since it binds to cyclophilin D and subsequently blocks the formation of mitochondrial permeability transition pore \[[@B10]\], but can conversely kill kidney parenchymal cells, since it induces nephrotoxicity through glomerular filtration rate reduction and immune cell infiltration \[[@B8][@B9]\]. If so, how does CsA contribute to the fate of kidney tubular cells upon H~2~O~2~ injury developed in acute kidney injury? In a previous study, exogenous H~2~O~2~ induced the permeability transition pore formation in mitochondria of subcutaneous connective tissue-derived cells while pretreatment with CsA significantly attenuated the formation of mitochondrial permeability transition pore and subsequently apoptotic cell death \[[@B56]\]. Contrary to our expectations, the present study revealed that pretreatment with CsA worsened mitochondrial dysfunction and cell mortality induced by exposure to H~2~O~2~ in human kidney proximal tubule epithelial cells. These data suggest that, even if CsA can efficiently bind to cyclophilin D, CsA-induced other signaling pathways may cause more severe damage and higher mortality in kidney proximal tubule epithelial cells.

The activation of p53 or the expression of its transcriptional targets including Bax and BID occurs in the response to stress-inducing agents including H~2~O~2~ injury \[[@B37][@B57][@B58]\]. Although one previous study has reported that CsA can protect mouse dermis against ultraviolet-B irradiation through p53 downregulation \[[@B39]\], several investigators have shown that CsA activates p53 in various cell types including rat C6 glioma cells \[[@B38]\], mouse embryo fibroblasts \[[@B38]\], human keratinocytes \[[@B59]\], and human skin fibroblasts \[[@B59]\]. In the present study, we found that CsA activated p53 reflected by increases in its phosphorylation and its target gene BID expression, thus triggering cell death of kidney proximal tubule epithelial cells after exposure to H~2~O~2~. The p53 protein is required for cellular apoptotic response to oxidative stress by hydrogen peroxide, supporting the idea that p53 function is critical for cell death induced by oxidative stress \[[@B60]\]. Oxidative stress is also an important mediator of CsA-induced cell injury. It is increased in failing transplanted kidneys from patients treated with CsA \[[@B45][@B61][@B62]\]. In support of these reports, the present study showed that CsA-induced p53 activation was implicated in ROS production increased by treatment with CsA during H~2~O~2~ injury. In response to oxidative stress, activated p53 does not only binds DNA to trigger apoptotic cell death by transactivating several genes \[[@B63]\], but also accumulates in the mitochondrial matrix to trigger necrotic cell death by opening the mitochondrial permeability transition pore \[[@B37]\]. CsA is a well-known cyclophilin D inhibitor which is a downstream player in cell death induced by the formation of mitochondrial permeability transition pore \[[@B10]\]. However, it has been reported that even in cyclophilin D-deficient cells, the mitochondrial permeability transition pore can still open in response to a strong stimulus such as oxidative stress \[[@B10][@B64]\], indicating that cyclophilin D is a regulator but not necessarily a component of the mitochondrial permeability transition pore. Based on previous reports, our data suggest that the fate of kidney proximal tubule epithelial cells is determined by CsA-induced cell death through the ROS-p53 axis rather than CsA-induced cell survival by inhibiting cyclophilin D-dependent mitochondrial permeability transition.

Antioxidants including vitamin E, melatonin, and other indolic compounds inhibit lipid peroxidation in animal models of CsA-induced nephrotoxicity \[[@B65][@B66][@B67]\], suggesting a role of oxidative stress in CsA-induced damage. Furthermore, it has been reported that CsA induces a dose-dependent increase in oxidants and lipid peroxidation \[[@B68]\]. Consistent with previous studies, the present study showed that ROS production was more enhanced by treatment with CsA than that by vehicle in H~2~O~2~-exposed kidney proximal tubule epithelial cells. Considering the well-known relationship between oxidative stress and kidney tubular cell death \[[@B69][@B70][@B71]\], our data suggest that CsA-induced ROS production worsen kidney proximal tubular cell damage after exposure to H~2~O~2~ through cell death.

Conclusively, the present study shows that CsA aggravates cell death induced by H~2~O~2~ injury. This phenomenon is implicated in p53 activation and ROS production stimulated by CsA. These findings may be of clinical importance for pharmacological intervention of CsA-treated organ transplant patients.
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![Cyclosporin A (CsA) enhances hydrogen peroxide (H~2~O~2~) injury in human kidney proximal tubule epithelial cells. Human kidney proximal tubule epithelial HK-2 cells were cultured in RPMI 1640 until reaching 80% confluence. (A) HK-2 cells were treated with either CsA (1, 10, or 100 nM) or 1% dimethyl sulfoxide (vehicle) for 1 hour and then exposed to 1 mM H~2~O~2~ or distilled water (control) for 60 minutes. Cell viability was measured using MTT assay (n=9 wells from 3 experiments per condition). In box plots, whiskers represent the minimum and maximum; bases represent the interquartile range between the first and third quartiles; and midlines represent the median. (B) HK-2 cells were treated with either 10 nM CsA or vehicle for 60 minutes and then exposed to 1 mM H~2~O~2~ or control for 30, 60, or 120 minutes. Cell viability was measured using MTT assay (n=9 wells from 3 experiments per condition). (C, D) HK-2 cells were treated with either 10 nM CsA or vehicle for 60 minutes and then exposed to 1 mM H~2~O~2~ or control for 60 minutes. Cell death was analyzed by flow cytometry with an annexin V-FITC detection kit after treatment with FITC-conjugated annexin V and propidium iodide. The flow cytometry assay distinguishes among normal (lower left), early apoptosis (lower right), late apoptosis (upper right), and necrosis (upper left). Three experiments were performed to evaluate the cell death. In each experiment, three samples per experimental condition were included. ^a)^*P*\<0.05 vs. control. ^b)^*P*\<0.05 vs. vehicle. ^c)^*P*\<0.01 vs. 0 mol/l.](acb-52-312-g001){#F1}

![Cyclosporin A (CsA) increases p53 activation and BH3 interacting-domain death agonist (BID) expression after H~2~O~2~ injury in human kidney proximal tubule epithelial cells. HK-2 cells were treated with either 10 nM CsA or vehicle for 60 minutes and then exposed to 1 mM H~2~O~2~ or control for 60 minutes (n=6 experiments per condition). (A) Phosphorylation level of p53 (p-p53, 53 kDa) and total expression level of p53 (t-p53, 53 kDa) were measured by western blot analysis. Antibody of β-actin (43 kDa) as a loading control was used for normalization. (B--D) Intensities of p-p53 and t-p53 protein bands were quantified using the AzureSpot software. (E) BID (22 kDa) expression was measured by western blot analysis. Antibody of β-actin (43 kDa) as a loading control was used for normalization. (F) Intensity of BID protein expression was quantified using the AzureSpot software. ^a)^*P*\<0.05 vs. control. ^b)^*P*\<0.05 vs. vehicle.](acb-52-312-g002){#F2}

![Cyclosporin A (CsA) does not alter activations of mitogen-activated protein kinases and protein kinase B (AKT) after H~2~O~2~ injury in human kidney proximal tubule epithelial cells. HK-2 cells were treated with either 10 nM CsA or vehicle for 60 minutes and then exposed to 1 mM H~2~O~2~ or control for 60 minutes (n=6 experiments per condition). (A) Phosphorylation levels of p38 (p-p38, 43 kDa), c-Jun N-terminal kinase (p-JNK, 46 and 55 kDa), and extracellular signal-regulated kinase (p-ERK, 42 and 44 kDa), and their total expression levels (t-p38, p-JNK, and p-ERK) were measured by western blot analysis. Antibody of β-actin (43 kDa) as a loading control was used for normalization. (B, C, E, F, H, I) Intensities of p-p38, t-p38, p-JNK, total JNK (t-JNK), p-ERK, and total ERK (t-ERK) protein bands were quantified using the AzureSpot software. (D, G, J) Activations of p38, JNK, and ERK indicated by their respective ratio of phosphorylation level to total expression level. (K) AKT phosphorylation (p-AKT) and total expression (t-AKT) with a molecular mass of 56 to 62 kDa were measured by western blot analysis. Antibody of β-actin (43 kDa) as a loading control was used for normalization. (L, M) Intensities of p-AKT and t-AKT protein bands were quantified using the AzureSpot software. (N) AKT activation based on the ratio of phosphorylation to total expression. ^a)^*P*\<0.05 vs. control.](acb-52-312-g003){#F3}

![Cyclosporin A (CsA) enhances reactive oxygen species (ROS) production induced by H~2~O~2~ in human kidney proximal tubule epithelial cells without altering expression level of antioxidant enzymes. HK-2 cells were treated with either 10 nM CsA or vehicle for 60 minutes and then exposed to 1 mM H~2~O~2~ or control for 60 minutes (n=3 experiments per condition). (A) ROS production was measured using oxidative sensitive dye 2′,7′-dichlorodihydrofluorescein diacetate. (B) Expression levels of manganese superoxide dismutase (MnSOD; 25 kDa), copper/zinc superoxide dismutase (CuZnSOD; 23 kDa), and catalase (64 kDa) were measured by western blot analysis. Antibody of β-actin (43 kDa) as a loading control was used for normalization. (C--E) Intensities of MnSOD, CuZnSOD, and catalase protein bands were quantified using the AzureSpot software. N.S., not significant. ^\*^*P*\<0.05 vs. control, ^\#^*P*\<0.05 vs. vehicle.](acb-52-312-g004){#F4}

![Cyclosporin A (CsA) increases mitochondrial depolarization induced by H~2~O~2~ in human kidney proximal tubule epithelial cells. HK-2 cells were treated with either 10 nM CsA or vehicle for 60 minutes and then exposed to 1 mM H~2~O~2~ or control for 60 minutes. (A) Percentage of mitochondrial membrane potential was measured using tetramethylrhodamine ethyl ester perchlorate dye (n=9 wells per 3 experiments per condition). The mitochondrial membrane potential in the group with control plus vehicle was taken as 100%. ^a)^*P*\<0.05 vs. control. ^b)^*P*\<0.05 vs. vehicle. (B) Expression levels of 94 kDa glucose-regulated protein (GRP94) and 78 kDa glucose-regulated protein (GRP78) were measured by western blot analysis. Antibody of β-actin (43 kDa) as a loading control was used for normalization. (C, D) Intensities of GRP94 and GRP78 protein bands were quantified using the AzureSpot software (n=6 experiments per condition). N.S., not significant.](acb-52-312-g005){#F5}
